Biological powdered activated carbon (BPAC) was incorporated with a microfiltration (MF, 0.2 µm pore size) system to remove the refractory organic matter contained in secondary sewage effluent. A synthetic secondary sewage effluent was used as influent in this study, containing both non-biodegradable organic substances (such as humic acid, lignin sulfonate, tannic acid and arabic gum powder) and biodegradable ones. These refractory organic materials were possibly degraded in contact with microorganisms for 20~27 days. Although humic acid and arabic gum were weakly adsorbed on the activated carbon, they could be effectively removed in the BPAC reactor. The TOC removal at a powdered activated carbon (PAC) concentration of 20 g/L was higher than at 0.5~2 g PAC/L (83% and 66~68%, respectively). The higher removal efficiency was due to the increased rejection at the membrane module in which most of the PAC was accumulated. More than 90% of non-biodegradable compounds removal (detected as E 280 , UV absorption at 280 nm) occurred in the BPAC reactor. The biological growth parameter b/Y, used in system design, was estimated to be 0.017 d -1 . Relatively high permeate flux of 1.88 m/d could be obtained even at higher PAC concentration of 20 g/L.
Introduction
Normally, dissolved organic matter in secondary sewage effluent is residual organics from biological wastewater treatment consisting mainly of refractory organic materials. Some of these materials are produced in the biological treatment process and are discharged into receiving waters with sewage effluent. As they can cause adverse effects owing to trihalomethane formation potential (THMFP) on down stream water, it is necessary to remove these refractory organic materials prior to discharge. Removal of these materials can be accomplished by processes, such as chemical clarification, ozonation and activated carbon adsorption, which lead to increased capital, operational, and maintenance costs.
The membrane filtration process is a new technology for water treatment, which provides a high degree of purification in terms of suspended solid, turbidity and bacteria cells. However, it is limited in its removal of dissolved organic materials, which are mainly refractory organic matters in secondary sewage effluent. Ultra-filtration (UF) has a variable removal efficiency of dissolved organic matter (Okuno, 1987; Adham, 1991) . Even reverse osmosis (RO) requires a further stage of post treatment to remove micro-pollutants (Slim, 1992) . Because of these limitations, a combination of membrane filtration and other unit processes is required for successful removal of dissolved organic matter.
Many studies have been done to remove dissolved organic matter in hybrid membrane processes, such as membrane separation activated sludge and PAC coupled membrane processes. The hybrid membrane processes have been shown to be extremely effective in removing organic compounds (Fujie, 1991; Adham, 1991; Pirbazari, 1992) . Seo et al. (1996) developed a combined biological powdered activated carbon (BPAC)-microfiltration (MF) for wastewater reclamation. The hybrid BPAC-MF system provided high organic and virus removal. Biological powdered activated carbon (BPAC) in particular had a high sorption capacity for refractory organic matter (Seo et al., 1997) . In addition, the enhanced rejection at the BPAC cake layer on the membrane surface is another effect to improve the removal efficiency. However, it is not clear still how such refractory organic matter is properly removed in the combined system. In this study, the experimental investigation was focused on the evaluation of refractory organic removal. Variation of the organic compounds was further investigated to estimate their fate in the system.
Materials and method

Experimental apparatus
The combined BPAC-MF system consists of two unit processes, biological powdered activated carbon (BPAC) reactor and microfiltration (MF), in series as shown in Figure 1 . The synthetic secondary sewage effluent is fed into the reactor and mixed with BPAC. The mixed liquor is pumped to circulate through the membrane module for outer pressurized cross-flow filtration. The remaining mixed liquor enriched with contaminants is recycled back to the reactor, which has working volume 21.3 L (including 3.7 L for the volume of piping in the system). A mixing pump is set at the bottom of the reactor to prevent settling of BPAC. The operating parameters of the system are given in Table 1 .
The biological powdered activated carbon was prepared by seeding with microorganisms cultivated with the synthetic substrate for two weeks. The activated carbon was not wasted except in the 50~100 ml sample volume taken for measuring solid concentration, which was replaced with fresh activated carbon. The powdered activated carbon was coal type with a nominal size of particle, 44 µm. The membrane module consisted of a 300 string 
Synthetic secondary sewage effluent
Synthetic substrate was prepared based on the major organic substances contained in secondary treated wastewater, including protein, carbohydrate, humin, tannin and lignin, and a very small portion of anionic surfactant (Murakami et al., 1979) . Table 2 gives the synthetic substrate composition, with an organic concentration of about 9.8 mg/L in terms of TOC. Some inorganic nutrients essential for microbial growth were also included in the substrate, such as (NH 4 ) 2 SO 4 , K 2 HPO 4 , MgSO 4 and NH 4 HCO 3 .
Analytical method
For routine analysis, samples were taken at each stage of the system (influent, BPAC reactor and effluent). Sampling of effluent was carried out every 5 minutes for a 1 hour composite sample. During this time, permeate flux was also measured. Samples from the BPAC reactor were also taken every 5 minutes for 1 backwash interval and combined. The samples were analyzed in terms of TOC, E 280 and solid concentration. Samples taken from the BPAC reactor were filtered by 0.45º membrane before measuring TOC. E 280 was the optical density measured by UV spectrophotometer at 280nm, which was the typical wavelength for the synthetic substrate. Total and volatile solids were measured to estimate the amount of biomass. Gel permeable chromatography (GPC) analysis was carried out to evaluate the organic change in terms of molecular weight distribution in the system. A separation column packed with Asahipac GS-320 was used, with a separation range from 300 to 40,000 molecular weight. The chromatogram was obtained by high performance liquid chromatography (HPLC) installed with a high sensitive reflective index (RI) detector manufactured by Shimazu Co.
Results and discussion
Treatability of refractory organics
Among the organic materials in the secondary effluent, substances can be categorized into two groups, easily and slowly biodegradable ones. The former were peptone, beef extract and lauryl sulfate, and the latter were tannic acid, lignin sulfonate, humic acid and arabic gum. In a batch experiment carried out by the fill and draw method, slowly degradable organic matter was gradually degraded by contact with micro-organisms for 20 or 27 days. Since the substrate concentration was very low, the microbial growth was not observed maintaining MLSS concentration at 250 to 300 mg/L. As shown in Figure 2 , the biological degradation tends to follow the first order reaction, although the data fluctuate. Figure 3 shows the adsorption isotherm curves of organic substances contained in the synthetic substrate. The initial concentration of each substance was increased into the range of 42~106 mg/L for this experiment. The substances could be classified into three groups in terms of adsorbability. Lauryl sulfate, tannic acid and peptone were very good in adsorption. Beef extract and lignin sulfonate was moderately adsorbable. But humic acid and arabic gum were poor in adsorption. Removal of refractory organic matter in BPAC-MF system
The organic removal efficiencies in the BPAC-MF system at various concentrations of PAC are shown in Figure 4 . Data for the removal efficiency was taken at steady state conditions during 30~40 day operation periods. The TOC removal efficiency is relatively high at 66~68% for PAC concentration of 0.5~2 g/L and 83% for PAC of 20 g/L in the system. As shown in the figure, the difference between "Total" and "BPAC reactor", which indicates removal efficiency at the membrane module, is larger at increased PAC concentration. This may be caused by the accumulation of PAC particles in the membrane module, forming a thick PAC cake layer on the membrane surface. From the distribution of PAC particles in the system for 0.5~2 g/L, 47~64.5% of added PAC was retained in the membrane module, (4.6~25.4 g). About 313.2 g was in the membrane module for PAC 20 g/L, as shown in Figure 5 . Since the apparent density of BPAC was measured to be 1.7 g/cm 3 , the average thickness of the cake layer is 2.5 mm. This is a large value compared to 0.014mm in the case of PAC 2 g/L. This increased thickness may have contributed to the higher removal efficiency at increased PAC. Only a small portion of the total TOC removal occurred in the BPAC reactor (Figure 4 ). This may have been due to the presence of metabolic byproducts, such as low molecular weight intermediates released by the microorganisms. More than 90% of total removal of E 280 occurred in the BPAC reactor ( Figure 6 ). Thus, humic acid, lignin sulfonate and tannic acid, must have been removed by BPAC adsorption and then biodegraded in the reactor, since they were detected as E280 in the substrate. The degradation of such organic substances can produce some kinds of by-products that can be detected as TOC. The removal efficiency of E 280 was 66.8~72.1% at PAC 0.5~2g/L, respectively, and it was increased to 88% at 20 g/L PAC concentration. Figure 7 shows the chromatogram of GPC analysis carried out for 20 g/L PAC concentration. The influent had a wide distribution of molecular weight. The peaks are shifted to a lower molecular range (less than 300) in the BPAC reactor. The peak areas were lower after filtration at the membrane module. Although it is difficult to quantify, it can be deduced that higher molecular substances were captured by biological powdered activated carbon and lower molecular metabolic products were discharged into the bulk. These intermediate products were rejected at the membrane module and degraded in the system. It is notable that hardly adsorbable organic substances such as humic acid and arabic gum were removed in the BPAC reactor. This result was 3 times greater than previously found for PAC sorption of lignin and humic acid and more than 40 times greater than PAC sorption of arabic gum (Seo et al., 1997) Fate of the organic matter in the system If the refractory organic materials were not decomposed in the system, the bulk TOC concentration would increase continuously. However, bulk TOC concentration in the BPAC reactor was almost constant. From the TOC mass balance shown in Figure 8 , it was estimated that 82.8% of organics fed had been removed by adsorption and oxidation in the system. Since PAC is saturated at the initial stage, the adsorbed amount of TOC on BPAC should go through the oxidation process, repeating adsorption and de-sorption. An average of 0.12 g of TOC was contained in the liquid phase of the bulk solution circulating in the BPAC-MF system. The high oxidation rate (82.8%) of the refractory organics might be due to the long contact with microorganisms. A prolonged contact time for the refractory organics resulted from BPAC adsorption and the high rejection characteristics of BPAC cake layer formed on the membrane. Since volatile solids consist of biomass and some activated carbon, the portion of biomass in the volatile solids was calculated based on the result obtained by separating the biomass from the activated carbon. The portion of biomass was 73% of the volatile solids. Since BPAC solids were not wasted except 100 mL taken every 1 or 2 days for solids measurements, solids retention time in the system was at least 213 days. This long solids retention time produced high water quality. Based on the data obtained during 48 days steady state operation of the BPAC-MF process at PAC 20 g/L, the biological growth parameter was estimated. Since all biomass is rejected by the membrane and no biomass is wasted from the system, the net growth of the microorganisms can be written in the form of Eq. (1) under the assumption that the concentration of micro-organisms in influent is negligible.
dx/dt is the variation of biomass in the BPAC reactor with time (mg/d). V is the volume of the BPAC reactor (L). Y is the yield coefficient (mg dry weight/mg TOC). So and S are the influent and effluent TOC concentrations (mg/L), respectively. Q is the flow rate (L/d). b is the auto-oxidation coefficient ( d -1 ). X is the biomass concentration (mg/L). At steady state (dx/dt = 0), Eq.
(1) can be simplified to yield Eq. (2) and (3).
θ is the hydraulic retention time (HRT) in hours. From the TOC mass balance at steady state in Figure 8 , the biomass is 62.2 g and daily removal of TOC is 1.06 g/d. From this information, b/Y was calculated to be 0.017 d -1 . This b/Y value can be used for estimating biomass concentration in a BPAC-MF system, and then determining the required volume of the BPAC reactor and the hydraulic retention time (HRT) for the design of a BPAC-MF system.
Permeate flux of membrane
The membrane clean water flux used in this study was 20~25 m/d at transmembrane pressure (TMP) 55 kPa. This clean water flux could be maintained even at high PAC concentration (up to 5~20 g/L) since the membrane system had regular gas backwash. However a drastic flux reduction was observed during filtration of BPAC. Figure 9 shows the flux decline across the membrane at various PAC concentrations in the BPAC-MF system. Initially the flux decreased rapidly and it was maintained at steady state after 5 days in most cases. The steady state flux was 2.92, 2.7 and 2.86 m/d for PAC 0.5, 1, 2 g/L, respectively, and 1.88 m/d for 20 g/L. It is remarkable that the flux did not change much even at the high G.T. Seo and S. Ohgaki 72 Figure 8 Organic carbon mass balance for BPAC-MF system at steady state
PAC concentration. The observed fluxes were higher than that reported by Fujie et al. (1991) in the treatment of bio-filter effluent using the same membrane. The higher permeate fluxes may be due to the adsorption of organic compounds on PAC, preventing the fouling of the membrane.
Conclusions
Organic substances in secondary sewage effluent are mainly non-biodegradable, although some of biodegradable ones also occur. However, it was found that non-biodegradable materials could be degraded by long contact times with microorganisms provided in the BPAC-MF system. Especially hard to biodegrade and weakly adsorbable substances like humic acid and arabic gum were effectively removed in the BPAC-MF system. TOC removal efficiency (66~68%) obtained at 0.5~2 g/L PAC concentration increased to 82.8% at 20 g/L PAC concentration without any trouble in the BPAC-MF system. This high removal efficiency seemed to be caused by the increased rejection rate due to the thick cake layer formed on the membrane, while E 280 , which included humic acid, lignin sulfonate and tannic acid, was removed 66.8 to 72.1% in the BPAC-MF system for 0.5~2 g/L PAC concentration. The removal efficiency increased to 88% for 20 g/L PAC concentration and more than 90% of this removal occurred in the BPAC reactor. The refractory organic substances appeared to be sorbed on BPAC and degraded by long term contact with microorganisms. The biological parameter, b/Y, was estimated to be 0.017 d -1 for the BPAC-MF system at a PAC concentration of 20 g/L. This parameter could be applicable to the system design. Despite high PAC concentration, relatively high permeate flux could be maintained in the BPAC-MF system. The flux of the membrane was maintained at 2.7~2.9 m/d for 0.5~2.0 g/L PAC concentration and 1.88 m/d for 20 g/L PAC concentration. Figure 9 Flux decline at various PAC concentrations in BPAC-MF system
